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e Over 100 mutations were selected for analyses on their
infectivity and antigenicity

e The dominant D614G itself and combined with other
mutations are more infectious

e Ablation of both N331 and N343 glycosylation at RBD
drastically reduced infectivity

e Ten mutations such as N234Q, L452R, A475V, and V483A
was markedly resistant to some mAbs
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In Brief

Eighty natural variants and 26
glycosylation spike mutants of SARS-
CoV-2 were analyzed in terms of
infectivity and antigenicity using high
throughput pseudovirus assay in
conjunction with neutralizing antibodies.
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SUMMARY

The spike protein of SARS-CoV-2 has been undergoing mutations and is highly glycosylated. It is critically
important to investigate the biological significance of these mutations. Here, we investigated 80 variants
and 26 glycosylation site modifications for the infectivity and reactivity to a panel of neutralizing antibodies
and sera from convalescent patients. D614G, along with several variants containing both D614G and another
amino acid change, were significantly more infectious. Most variants with amino acid change at receptor
binding domain were less infectious, but variants including A475V, L452R, V483A, and F490L became resis-
tant to some neutralizing antibodies. Moreover, the majority of glycosylation deletions were less infectious,
whereas deletion of both N331 and N343 glycosylation drastically reduced infectivity, revealing the impor-
tance of glycosylation for viral infectivity. Interestingly, N234Q was markedly resistant to neutralizing anti-
bodies, whereas N165Q became more sensitive. These findings could be of value in the development of

vaccine and therapeutic antibodies.

INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic is a
tremendous threat globally. As of July 3, 2020, 216 countries
have reported COVID-19 cases, with more than 10 million
confirmed cases and approximately 518,000 deaths (https://
www.who.int/emergencies/diseases/novel-coronavirus-2019/
situation-reports/). The causative agent of COVID-19, SARS-
CoV-2 causes a lower respiratory tract infection that can prog-
ress to severe acute respiratory syndrome and even multiple
organ failure (Lv et al., 2020a; Yang et al., 2020).

SARS-CoV-2 is a single-stranded positive-strand RNA virus
whose genome encodes four structural proteins: spike (S), small
protein (E), matrix (M), and nucleocapsid (N) (Chan et al., 2020).
The S protein is a type | fusion protein that forms trimers on the
surface of the virion. It is composed of two subunits, with S1
responsible for receptor binding and S2 for membrane fusion
(Walls et al., 2020; Wrapp et al., 2020). The SARS-CoV-2 utilizes
angiotensin-converting enzyme 2 (ACE2) as the receptor for en-

1284 Cell 182, 1284-1294, September 3, 2020 © 2020 Elsevier Inc.

try into target cells (Letko et al., 2020). Therefore, the S protein
determines the infectivity of the virus and its transmissibility in
the host (Hulswit et al., 2016). As this protein is the major antigen
inducing protective immune responses (Du et al., 2009; He et al.,
2004; Li, 2016; Walls et al., 2020), all vaccines under develop-
ment are directed against it. Clearly, it is pivotal to closely
monitor antigenic evolution of the spike in the circulating viruses.
As it is a heavily glycosylated protein, investigation of the effects
of the site-specific glycans on infectivity and immune escape is
also of unquestionable importance.

RNA viruses are known to have higher mutation rates than
DNA viruses (Duffy, 2018; Lauring and Andino, 2010). Amino
acid changes in the surface protein can significantly alter viral
function and/or interactions with neutralizing antibodies. For
example, A226V of Chikungunya virus E1 protein facilitated its
adaptability in the vector Aedesalbopictus, resulting in an
increased transmissibility (Tsetsarkin et al., 2007). Similarly,
A82V of Ebola virus GP protein led to increased viral infectivity
and mortality (Diehl et al., 2016; Urbanowicz et al., 2016).
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Moreover, the highly pathogenic avian influenza H5N1 with 4
amino acid changes demonstrated enhanced transmission
(Herfst et al., 2012), whereas in H7N9, the combined amino
acid change A143V/R148K of hemagglutinin decreased the
sensitivity of the virus to neutralizing antibodies by more than
10 times (Ning et al., 2019; Petrie and Lauring, 2019).

Although SARS-CoV-2 was only discovered in humans
recently, mutations in the gene encoding Spike (S) protein are
being continuously reported (Dawood, 2020; Korber et al.,
2020; Saha et al., 2020; Sheikh et al., 2020; van Dorp et al.,
2020). As of May 6, 2020, 329 naturally occurring variants in S
protein have been reported in public domain. Notably, there
were only 13 amino acid sites with a rate of more than 0.1%. Pre-
liminary study suggested that the increased fatality rate may be
associated with the most dominant variant D614G. Presumably,
this change may have induced a conformational change in the S
protein, thereby resulting in the increased infectivity (Becerra-
Flores and Cardozo, 2020). However, it remains largely unclear
as to whether these reported variants could influence viral infec-
tivity, transmissibility, or reactivity with neutralizing antibodies.

It is also well documented that mutations affecting glycosyla-
tion of viral proteins could also profoundly affect viral life cycle
and its interaction with the host. For example, N-glycosylation
at specific sites of the HIV-1 Env protein is critical for Env expres-
sion and assembly (Francois and Balzarini, 2011; Kong et al.,
2015; Wang et al., 2013). Deletion of certain glycosylation sites
could decrease the binding of Env protein to the CD4 receptor,
abolishing the infectivity of the resulting viral particles (Francois
and Balzarini, 2011). Moreover, glycosylation site mutations
are also known to render the virus resistant to neutralization by
the antibodies (Wang et al., 2013; Wang et al., 2015), whereas
deletion of certain glycosylation sites in the H5N1 HA protein
has been found to affect HA cleavage, replication, stability,
and antigenicity (Zhang et al., 2015). It is of note that although
the S protein of SARS-CoV-2 is much more heavily glycosylated,
with 22 potential N-glycosylation sites (Kumar et al., 2020; Van-
kadari and Wilce, 2020), how these glycosylation sites could
affect viral infectivity and antibody-mediated neutralization re-
mains unknown.

In this study, we investigated the biological significance of nat-
ural variants with amino acid change(s) as well as mutants at the
putative N-linked glycosylation sites in the SARS-CoV-2 S pro-
tein. To achieve these, we generated 106 S mutants reported
in the public domain or mutants at putative N-linked glycosyla-
tion sites and analyzed their infectivity and reactivity to neutral-
izing antibodies using the high-throughput pseudotyped virus
system (Nie et al., 2020). We report that some natural variants
and N-linked glycan deleted mutants have evolved to possess
remarkable alterations in their infectivity and antigenicity.

RESULTS

Construction of Pseudotyped Viruses with Natural
Variants and Deletions of the Glycosylation Sites

For ease of description in this communication, variants are
referred to as those that occurred naturally (reported in GISAID)
and mutants (investigational or experimental mutants) for those
we introduced experimentally. For the analyses of variants, we
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first retrieved all S sequences reported in GISAID database up
to May 6, 2020. Following removal of incomplete, redundant,
and ambiguous sequences, a total of 13,406 sequences of the
S protein were selected for alignment analyses. Using Wuhan-
1 strain (GenBank: MN_908947) as a template, we have selected
three groups of variants and mutants to construct the pseudo-
typed viruses. As shown in Figure 1, group A represents all
high-frequency variants and combined variants with D614G
across the entire S gene (29 strains) excluding receptor-binding
domain (RBD) region. Group B includes variants in RBD (51
strains). Although the eight single mutations (i.e., Q239K
V3411, A435S, K458R, 1472V, H519P, A831V, and S943T) in
both groups A and B do not exist by themselves, they were found
to occur in combination with D614G. Therefore, the pseudo-
typed viruses for the eight single mutants were also constructed
to compare with the double mutants with D614G. Group C is
comprised of 26 mutants at the putative glycosylation sites (22
sites). This group includes both variants (N74K, N149H, and
T719A) and investigational mutants that we made for the ana-
lyses of the effects of glycosylation. Specifically, all 22 sites
(N to Q) were made in the lab to generate 22 individual mutants;
we also made a combination by deleting the two glycosylation
sites in RBD.

In total, we have generated 106 pseudotyped viruses (i.e., 80
variants and 26 glycosylation mutants) (Figure 1). These viruses
were prepared as described previously (Nie et al., 2020; see
STAR Methods).

Significantly Altered Infectivity of Variants and

Deletions of the Glycosylation Site Mutants

To determine the infectivity of these variants and mutants, we
first infected 26 cell lines with pseudotyped viruses with either
SARS-CoV-2 S protein or VSV G protein (see STAR Methods).
As expected, the two types of pseudotyped viruses are different
in the infection efficiency in the 26 cell lines (Figure 2). Although
almost all cell lines were generally susceptible to infection by
VSV G pseudotyped virus, SARS-CoV-2 pseudotyped virus
could efficiently infect certain cell lines including three
human cell lines (293T-hACE2, 293T, and Huh-7) and three
non-human primate cell lines (Vero, VeroE6, and LLC-MK2). As
such, we selected these four out of the six cell lines in subse-
quent experiments, including 293T-hACE2, Huh-7, Vero, and
LLC-MK2.

We first tested the infectivity of 106 pseudotyped viruses (80
natural variants and 26 glycosylation mutants) in 293T-hACE2
cells, where a difference by 4-fold in RLU compared with the
reference Wuhan-1 strain (GenBank: MN_908947) was deemed
as being significant (Figure S1). Of all 106 pseudotyped viruses,
24 were determined as low-infectivity (17 natural mutants and 7
glycosylation mutants), with RLU reading decreased by 4- to
100-fold (Figure S1). Among them, 13 were located in the RBD
region. Variant V341l and investigational glycosylation mutant
(N331Q+N343Q) were deemed as no-infectivity as demon-
strated by over 100-fold decrease in RLU values compared
with the reference strain. Both of them were located in RBD. It
is worth noting that double glycosylation deletions at N331 and
N343 resulted in a drastic reduction in viral infectivity (1,200-
fold), whereas single deletion at each site caused modest
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Figure 1. lllustration of Amino Acid Changes Selected for This Study

(A) Variants and combined variants with D614G across the entire S gene excluding the RBD region.

(B) Variants in RBD.

(C) Mutants at the putative glycosylation sites (22 sites). This group include mutations we introduced at all 22 putative glycosylation sites (N to Q), a combination of
two glycosylation site mutations in RBD, and three naturally occurring variants, N74K, N149H, and T719A, with ablated glycosylation sites.

High-frequency amino acid change sites (frequency > 0.1%) are highlighted in red. See also Table S1.

00

reduction in viral infectivity, with the infectivity of N331Qreduced  binding of the receptor or maintain the conformation of the
by only 3-fold and N343Q by 20-fold. Moreover, the non-natural  RBD region.

double glycosylation mutations in RBD (N331Q and N343Q) re- The remaining 63 variants were tested further with other
sulted in significantly reduced infectivity, suggesting that the three cell lines for infectivity. Notably, single D614G and com-
two glycosylation sites in the RBD region may participate in the bined variants with D614G (D614G+L5F, D614G+V341l,
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Figure 2. Selection of Susceptible Cell Lines

RLU

A total of 26 different cell lines were infected with pseudotyped viruses with either SARS-CoV-2 S (A) or VSV G (B). The infected cell lysates were diluted by 10x
and analyzed for luminescence activities (RLU). All results were obtained from three independent experiments (mean + SEM). When the RLU for the tested cell
reached 1% of that for Huh-7, it was deemed as a permissive cell line. The dash line indicates the 1% RLU value of Huh-7 cell.

D614G+K458R, D614G+1472V, D614G+D936Y, D614G+S939F,
and D614G+S943T) demonstrated increased infectivity
compared to the reference strain in all the four cell
lines (Figures 3A-3D), whereas no difference was found between
single D614G and D614G combined variants, suggesting that
the enhanced infectivity was more likely ascribed to D614G itself.

Differential Antigenicity of Natural Variants and
Experimental Mutants with Monoclonal Antibodies
Having identified the variants with altered infectivity, we next
set out to investigate the antigenicity of the infectious mutants
using 13 neutralizing monoclonal antibodies (mAbs) (see STAR
Methods). It was noted that some changes in RBD region
demonstrated altered sensitivity to neutralizing mAbs (Figures 4
and S2). Specifically, A475V reduced the sensitivity to mAbs
157, 247, CB6, P2C-1F11, B38, and CA1, whereas F490L
reduced the sensitivity to mAbs X593, 261-262, H4, and P2B-
2F6. Moreover, V483A became resistant to mAbs X593 and
P2B-2F6, and L452R to mAbs X593 and P2B-2F6. Finally,
Y508H reduced the sensitivity to mAb HO014, N439K to mAb
H00S022, A831V to mAb B38, D614G+I472V to mAb X593,
and D614G+A435S to mAb HO14 by more than 4 times. In
addition, some changes in the RBD region, including V367F,
Q409E, Q414E, 1468F, 1468T, Y508H, and A522V, were
observed to be more susceptible to neutralization mediated
by mAbs.

We next determine how infectious glycosylation mutants re-
acted to the same panel of mAbs. Mutant N165Q actually

became more sensitive to mAb P2B-2F6, whereas N234Q
reduced the neutralization sensitivity to different set of mAbs
including 157, 247, CB6, P2C-1F11, H00S022, B38, AB35, and
HO14. These results confirmed that these two glycosylation sites
are important for receptor binding.

These mAbs have proven to be valuable in our analyses of the
amino acid changes. As shown in Figure 4, five mAbs (i.e., 157,
247, CB6, P2C-1F11 and B38) were unable to effectively
neutralize both A475V and N234Q. Neither X593 nor P2B-2F6
was effective in neutralizing L452R, V483A, and F490L, whereas
P2B-2F6 was more effective in neutralizing N165Q. In addition,
mAb HO014 was incapable of neutralizing N234Q, Y508H, and
D614G+A435S, whereas mAbs H4 and 261-262 were found
not to neutralize F490L. Furthermore, HO0S022 was unable to
neutralizing N439K and N234Q.

Altered Reactivity of Natural Variants and Experimental
Mutants to Human Convalescent Sera

Finally, we determined the sensitivity of the strains with amino
acid changes to ten COVID-19 convalescent sera (see STAR
Methods). None of the variants and mutants demonstrated
significantly altered sensitivity to all 10 convalescent sera, i.e.,
the ECsq values were not altered by more than 4-fold, irrespec-
tive of an increase or decrease, when compared with the refer-
ence strain (Figures 5A and S3). However, the neutralization
sensitivity of both F490L and H519P to three of ten patient
sera were found to have decreased by more than 4 times, while
six variants and mutants (N149H, N149Q, N165Q, N354D,
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Figure 3. Infectivity Analysis of Variants and Deletions of the Glycosylation Site Mutants

Infectivity of natural variants and experimental mutants conducted in 293T-ACE2 (A), Huh-7 (B), Vero (C), and LLC-MK2 (D). RLU values generated with the
infection of the variants or mutants, as measured by luminescence meter, were compared with the reference strain (Wuhan-1). A difference by 4-fold is
considered significant; all experiments were conducted three times (mean + SEM) unless specified. See also Figure S1.

N709Q, and N1173Q) became over 4-fold sensitive to one or two
of the ten tested sera. Notably, five out of the six were glycan
deletion mutants.

As shown in Figure 5B, when the data of individual convales-
cent sera were pooled together to analyze the sensitivity of
all variants, no marked difference was observed (>4-fold).
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Figure 4. Analyses of Antigenicity of the Natural Variants and Experimental Mutants Using a Panel of Neutralizing mAbs

Serial dilutions of mAb preparations were pre-incubated with the pseudotyped viruses at 37°C for 1 h before they were added to Huh-7 cells. Luciferase activity
was measured 24 h later to calculate ECsq of each antibody. The ratio of ECso between the variant or mutant strains and the reference strain (Wuhan-1) was
calculated and analyzed to generate heatmap using Hem | (Deng et al., 2014). The data were the results from 3-5 replicates. The red and blue boxes indicate the
increase or decrease of the neutralization activity as shown in the scale bar. See also Figure S2.

However, modest differences between some variants and refer-
ence strain (within 4-fold) were observed in their reactivity to
grouped convalescent sera. These differences were statistically
significant (p < 0.05). It is worth mentioning that some variants
including F338L, V367F, 1468F, 1468T, and V615L (Figure 5B)
were even more sensitive to the convalescent sera compared
with reference strain, whereas more variants were found to
be resistant to the convalescent sera. These variants include
single amino acid change such as Y145del, Q414E, N439K,
G446V, KA458N, 1472V, A475V, T478l, V483l, F490L, and
A831V, as well as the double amino acid changes including
D614G+Q321L, D614G+l472V, D614G+A831V, D614G+A879S
and D614G+M12371.

Similar to natural variants, although the magnitude of some
glycosylation deletions in sensitivity to the sera is less than
4-fold, the differences between mutants and the reference strain
(Wuhan-1) were found to be still several-fold and statistically sig-
nificant, i.e., glycosylation mutants N331Q and N709Q signifi-
cantly increased the sensitivity to convalescent sera (Figure 5B).

DISCUSSION

As an RNA virus, SARS-CoV-2 virus is expected to continue
evolving over time in human populations. Close monitoring of
circulating virus strains is of unquestionable importance to
inform research and development of vaccines and therapeutics.
Here, we analyzed all spike sequences (over 13,000) reported to
GISAID database. After filtering out incomplete, redundant, and
ambiguous sequences, we narrowed down to 80 variants. More-
over, as glycosylation of viral protein is well documented to affect
viral replication and immune response and SARS-CoV-2 S pro-
tein is heavily glycosylated, we also made 26 substitutional mu-
tations at all 22 putative glycosylation sites. In total, we made 106
pseudotyped viruses, allowing us to characterize them using the
established method (Nie et al., 2020; see STAR Methods).

Table 1 summarizes the characteristics of variants and inves-
tigational mutants. Of all variants, D614G is of particular note.
This variant has been shown to rapidly accumulating since its
emergence and linked to more clinical presentations (Korber
et al., 2020). At the beginning of this study (May 6, 2020), it ac-
counted for 62.8% (Table S1) of all circulating strains, but by
July 3, it had reached 75.7%. This dominant strain could effec-
tively infect the four cell lines tested, being 10-fold more infec-
tious than the original Wuhan-1 strain (Figure 3).

Another important finding is that natural variants capable of
affecting the reactivity to neutralizing mAbs were almost all
located in the RBD region (except A831V) because all antibodies
used in this study were targeting the RBD (Cao et al., 2020; Ju
et al.,, 2020; Lv et al., 2020b; Shi et al., 2020). Specifically,
P2B-2F6 and P2C-1F11 were obtained using RBD as a bait to
isolate RBD-specific B cells in peripheral blood mononuclear
cells (PBMCs) of SARS-CoV-2 patients (Ju et al., 2020). P2C-
1F11 and P2B-2F6 actually bind to overlapping epitope, with
the latter being better characterized. Specifically, P2B-2F6 is
involved in three hydrophobic interaction sites on RBD (Y449,
L452, and F490) (Figures 6A and 6B). Indeed, both L452R and
F490L were natural variants, with decreased sensitivity to
neutralization by P2B-2F6 mAb; because both L452R and
F490L remain sensitive to P2C-1F11, suggesting this mAb is
not derived from the same clone for P2B-2F6. Moreover, both
mutants displayed decreased sensitivity to another neutralizing
mAb X593 by 10-fold compared with the reference strain
(Figure 4).

Although we identified multiple variants with decreased sensi-
tivity to neutralizing mAbs, we need to look at how frequent these
variants are in the field. V483A in RBD is one of the two variants
with a mutation frequency of over 0.1%. It showed decreased
reactivity to the two mAbs (P2B-2F6 and X593) (Figures 6A and
6B; Ju et al., 2020). Another RBD variant A475V sits in the binding
epitope of RBD. It is significantly resistant to several neutralizing
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Figure 5. Differential Sensitivity of the Natural Variants and Experimental Mutants to a Panel of Convalescent Serum Samples

(A) Serial dilutions of 10 patient serum samples were individually mixed with the pseudotyped viruses at 37°C for 1 h before added to Huh-7 cells for incubation of
24 h to determine the ECso. The experiments were repeated at least 3 times. Hem | software was used to analyze the data and draw the heatmap. The red and blue
boxes indicate the increase or decrease of the neutralization activity as shown in the scale bar.

(B) Summary of the data from ten serum samples, with the values presented as mean + SEM. The horizontal dashed lines indicate the threshold of 4-fold dif-

ference. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.
See also Figure S3.

mADbs including P2C-1F11, CA1, 247, and CB&. It is noteworthy
that CB6 mAb targets the receptor binding epitope (Figures 6C
and 6D; Shi et al.,, 2020). Specifically, Y508 was buried in
the epitope targeted by mAb HO14 (Figures 6E and 6F; Lv
et al., 2020b). Indeed, the Y508H was found to be resistant to
this mAb.

Itis worth mentioning that D614G+1472V has shown increased
infectivity and more resistance to neutralizing antibodies
(Table 1), but only one sequence (originated from Canada) was
reported in GISAID. Moreover, some variants, including
N439K, L452R, A475V, V483A, F490L, and Y508H, do have
decreased sensitivity to neutralizing mAbs. However, only
V483A exceeded 0.1% in frequency at the beginning of the
study, all of which were found in the United States, with 28 se-
quences reported as of May 6, 2020, and 36 up to July 3,
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2020. Variants containing N439K showed a significant increase
in circulation, i.e., with 5 cases reported as of May 6, 2020 (all
in the United Kingdom) to 47 by July 3, 2020 (45 in the United
Kingdom and 2 in Romania). In addition, only one sequence
from France containing Y508H was deposited in GIRSAID as of
May 6, whereas four sequences reported as of July 3, 2020, of
which two originated from Netherlands, one from Sweden, and
one from France. Only one or two isolates were reported for
other variants, which have not been observed to have increased
during the time frame we have been monitoring. Nevertheless, as
RNA viruses mutate all the time and some variants may only ap-
pears during certain period of time, whereas others could
emerge in an unpredictable fashion, continued analyses of the
circulating strains in terms of the mutation frequency and tempo-
ral pattern are warranted.
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Table 1. Characteristics of Variants and Mutants

Group A Group B Group C
Number of variants or 29 51 26
mutants
Increased infectivity D614G, D614G+L5F, D614G+V341l, D614G+K458R, none

D614G+D936Y, D614G+S939F,

D614G+S943T
Decreased infectivity Q239K, D839Y, P1263L,
D614G+Q675H
Increased sensitivity to none
neutralizing mAbs
Decreased sensitivity to A831V
neutralizing mAbs
Increased sensitivity to V615L

convalescent sera

Decreased sensitivity to
convalescent sera

Y145del, A831V, D614G+A831V,
D614G+A879S, D614G+M12371

D614G+1472V*

V3411, D364Y, 385-387del, D405V,
Q414P, 1434K, S438F, D467V,
P491R, V503F, R509K,

V510L, P521S

V367F, Q409E, Q414E, 1468F,
1468T, Y508H, A522V

N439K, L452R, A475V, VA83A,

N122Q, N343Q, N717Q,
T719A, N801Q, N1074Q,
N331Q+N343Q

N165Q, N709Q

N234Q

F490L, Y508H, D614G+A435S,
D614G+1472V*

F338L, V367F, I1468F, 1468T N149H, N149Q, N165Q,
N331Q, N354D, N709Q,

N1173Q

Q414E, N439K, G446V, K458N, none
1472V, AA75V, T478l, VA83I, FA90L,
H519P, D614G+Q321L,

D614G+1472V*

2D614G+1472V is the only variant with increased infectivity and decreased sensitivity to neutralizing mAb and convalescent sera. It is of note only one

sequence is recorded in GISAID.

Our results suggest that the 13 mAbs used in this study could
be divided into seven groups, because they appear to be
different in the inhibitory effects on the variants. As such, it would
be interesting to formulate a therapeutic regimen comprised of at
least two mAbs. For example, a combination of P2C-1F11 and
X593 should be effective to inhibit all variants in this study. It
would be of interest to test more neutralizing antibodies that
could be targeting epitopes outside RBD.

With regard to the glycosylation mutants analyzed in this
study, N165Q increased the sensitivity to mAb P2b-2F6 whereas
N234Q displayed resistance to neutralizing mAbs such CAT,
CB6, 157, and others. Although neither of them is found in circu-
lation, the reactivity of these two mutants to neutralizing mAb is
still worth noting. As N165 and N234 are located near the RBD
region (Watanabe et al., 2020), these mutants may affect some
epitopes targeted by neutralizihg mAbs. Specifically, N165
glycosylation site is involved in the binding of mAb to the RBD re-
gion of S protein (Cao et al., 2020). It is likely that the sugar chain
can mask the epitope targeted by the antibody. This type of
glycan shield has been observed in other viruses such as HIV-
1. Specifically, the deletion of the N197 sugar chain of HIV-1
gp120 could enhance neutralization by targeting this epitope
(Li et al., 2008; Utachee et al., 2010; Wang et al., 2013). In this
study, the other glycosylation mutant N234Q, which is also close
to the RBD, is resistant to several mAbs. Nevertheless, we
cannot exclude the possibility that the sugar chains themselves
are the targets of the neutralizing mAbs, similar to observations
made in other viruses. Specifically, the sugar chain at residues
142 and 144 in influenza virus H1N1 is essential for the induction
of neutralizing antibodies (Huang et al., 2020), while the broadly
neutralizing antibodies against the epitopes of HIV-1 gp120,

2G12, PGT121, and PG9 have been found to target the sugar
chains (Doores, 2015). Because COVID-19 vaccines are being
developed in different platform such as bacteria, mammalian
cells, and plant expression systems, it is important to consider
that different glycosylation profiles could affect the immunoge-
nicity of the vaccines.

The use of sera from 10 convalescent patients in neutralizing
assay largely confirmed the results obtained with the well-char-
acterized neutralizing mAbs. It is understood that the magnitude
of altered reactivity is slightly smaller with human sera than that
with mAbs, given that polyclonal antibodies from convalescent
patents are directed against multi-epitopes on the full-length S
protein; as a result, these polyclonal antibodies could comple-
ment one another. However, the differences in their reactivity
to the human antibodies were found to be by several fold in
most cases and all determined as statistically significant.
Notably, some RBD variants such as A475V and F490L have
been confirmed to have decreased sensitivity to both human
sera and multiple neutralizing mAbs. A475V reduced the sensi-
tivity to 6 mAb out of the 13 mAb used in this study, whereas
F490L reduced the sensitivity to neutralization by 3 mAbs. It is
possible that antibodies in convalescent sera are able to
neutralize these critical epitopes targeted by these mAbs that
are known to disrupt the binding of the S protein to hACE2 recep-
tor (Ju et al., 2020; Shi et al., 2020; Walls et al., 2020; Wang et al.,
2020). The A475V could weaken the hydrogen bond and hydro-
phobic interaction (Shi et al., 2020), whereas F490L may erode
the hydrophobic interaction between molecules (Ju et al., 2020).

In summary, we have analyzed over 100 pseudotyped viruses
in terms of their infectivity and sensitivity to neutralization by
well-characterized mAbs or human sera from convalescent

Cell 182, 1284-1294, September 3, 2020 1291



¢? CellPress

A Trimer B

2F6

CB6

HO14

patients. Amino acid changes have been observed across the
entire spike protein. An amino acid change (D614G) outside
the RBD was found to be more infectious, but no evidence of be-
ing resistant to neutralizing antibodies has been demonstrated.
However, the increasing dominance of D614G particularly de-
serves attention. Although some strains with amino acid
changes at RBD studied here lost their infectivity, suggesting
they may not likely become widespread, the RBD natural vari-
ants with increased resistance to antibody-mediated neutraliza-
tion should be closely watched. Moreover, ablation of glycosyl-
ation sites affected their reactivity to neutralizing antibodies,
along with their infectivity, enforcing the notion that the glycan
could substantially affect SARS-CoV-2 viral replication and vac-
cine-induced immune responses. Collectively, our findings help
shed light on the implications of some evolving strains in circu-
lating viruses with respect to enhanced infectivity and altered
antigenicity.
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Figure 6. mAb Epitopes and Antigenicity-
Related Sites

(A and B) Epitope of the mAb P2B-2F6 on the
trimer (A) and RBD (B).

(C and D) Epitope of the mAb CB6 on the trimer (C)
and RBD (D).

(E and F) Epitope of the mAb H014 on the trimer (E)
and RBD (F).

The monoclonal antibody epitope is indicated in
purple. The glycosylation sites are indicated in
light blue. The sugar chain is shown in orange. The
amino acid sites that coincide with the epitopes of
monoclonal antibodies are indicated in green.
Amino acid sites that do not coincide with the
monoclonal antibody epitope are indicated in
dark blue.
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Plasmid:pcDNA3.1.S2-S438F This paper N/A
Plasmid:pcDNA3.1.S2-N439K This paper N/A
Plasmid:pcDNA3.1.S2-G446V This paper N/A
Plasmid:pcDNA3.1.S2-L452R This paper N/A
Plasmid:pcDNA3.1.S2-K458R This paper N/A
Plasmid:pcDNA3.1.S2-K458N This paper N/A
Plasmid:pcDNA3.1.S2-D467V This paper N/A
Plasmid:pcDNA3.1.S2-1468F This paper N/A
Plasmid:pcDNA3.1.S2-1468T This paper N/A
Plasmid:pcDNA3.1.S2-1472V This paper N/A
Plasmid:pcDNA3.1.S2-A475V This paper N/A
Plasmid:pcDNA3.1.S2-G476S This paper N/A
Plasmid:pcDNA3.1.S2-T478| This paper N/A
Plasmid:pcDNA3.1.S2-V483A This paper N/A
Plasmid:pcDNA3.1.S2-V483lI This paper N/A
Plasmid:pcDNA3.1.S2-F490L This paper N/A
Plasmid:pcDNA3.1.S2-P491R This paper N/A
Plasmid:pcDNA3.1.S2-V503F This paper N/A
Plasmid:pcDNA3.1.S2-Y508H This paper N/A
Plasmid:pcDNA3.1.S2-R509K This paper N/A
Plasmid:pcDNA3.1.S2-V510L This paper N/A
Plasmid:pcDNA3.1.52-H519Q This paper N/A
Plasmid:pcDNA3.1.S2-H519P This paper N/A
Plasmid:pcDNA3.1.S2-A520S This paper N/A
Plasmid:pcDNA3.1.S2-P521S This paper N/A
Plasmid:pcDNA3.1.S2-A522S This paper N/A
Plasmid:pcDNA3.1.S2-A522V This paper N/A
Plasmid:pcDNA3.1.S2-D614G This paper N/A
Plasmid:pcDNA3.1.S2-V615L This paper N/A
Plasmid:pcDNA3.1.S2-A831V This paper N/A
Plasmid:pcDNA3.1.S2-D839E This paper N/A
Plasmid:pcDNA3.1.S2-D839Y This paper N/A
Plasmid:pcDNA3.1.S2-D936Y This paper N/A
Plasmid:pcDNA3.1.S2-S943T This paper N/A
Plasmid:pcDNA3.1.S2-S943R This paper N/A
Plasmid:pcDNA3.1.S2-G1124V This paper N/A
Plasmid:pcDNA3.1.S2-P1263L This paper N/A
Plasmid:pcDNA3.1.S2-Y145del+R408| This paper N/A
Plasmid:pcDNA3.1.S2-D614G+L5F This paper N/A
Plasmid:pcDNA3.1.52-D614G+Q239K This paper N/A
Plasmid:pcDNA3.1.S2-D614G+Q321L This paper N/A
Plasmid:pcDNA3.1.S2-D614G+V341I This paper N/A
Plasmid:pcDNA3.1.S2-D614G+A435S This paper N/A
Plasmid:pcDNA3.1.S2-D614G+K458R This paper N/A
Plasmid:pcDNA3.1.S2-D614G+1472V This paper N/A
Plasmid:pcDNA3.1.S2-D614G+H519P This paper N/A
Plasmid:pcDNA3.1.52-D614G+Q675H This paper N/A
Plasmid:pcDNA3.1.S2-D614G+A831V This paper N/A
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Plasmid:pcDNA3.1.52-D614G+A845S This paper N/A
Plasmid:pcDNA3.1.S2-D614G+A879S This paper N/A
Plasmid:pcDNA3.1.S2-D614G+D936Y This paper N/A
Plasmid:pcDNA3.1.52-D614G+S939F This paper N/A
Plasmid:pcDNA3.1.S2-D614G+S943T This paper N/A
Plasmid:pcDNA3.1.S2-D614G+M1229I This paper N/A
Plasmid:pcDNA3.1.S2-D614G+M 12371 This paper N/A
Plasmid:pcDNA3.1.S2-D614G+P1263L This paper N/A
Plasmid:pcDNA3.1.S2-N17Q This paper N/A
Plasmid:pcDNA3.1.S2-N61Q This paper N/A
Plasmid:pcDNA3.1.S2-N74Q This paper N/A
Plasmid:pcDNAS.1.S2-N122Q This paper N/A
Plasmid:pcDNA3.1.S2-N149Q This paper N/A
Plasmid:pcDNA3.1.S2-N165Q This paper N/A
Plasmid:pcDNAS.1.S2-N234Q This paper N/A
Plasmid:pcDNA3.1.S2-N282Q This paper N/A
Plasmid:pcDNAS.1.S2-N331Q This paper N/A
Plasmid:pcDNA3.1.S2-N343Q This paper N/A
Plasmid:pcDNA3.1.S2-N603Q This paper N/A
Plasmid:pcDNAS.1.S2-N616Q This paper N/A
Plasmid:pcDNA3.1.S2-N657Q This paper N/A
Plasmid:pcDNAS.1.S2-N709Q This paper N/A
Plasmid:pcDNA3.1.S2-N717Q This paper N/A
Plasmid:pcDNA3.1.S2-N801Q This paper N/A
Plasmid:pcDNA3.1.S2-N1074Q This paper N/A
Plasmid:pcDNA3.1.52-N1098Q This paper N/A
Plasmid:pcDNA3.1.S2-N1134Q This paper N/A
Plasmid:pcDNA3.1.52-N1158Q This paper N/A
Plasmid:pcDNA3.1.52-N1173Q This paper N/A
Plasmid:pcDNA3.1.S2-N1194Q This paper N/A
Plasmid:pcDNA3.1.S2-N74K This paper N/A
Plasmid:pcDNA3.1.52-N149H This paper N/A
Plasmid:pcDNA3.1.S2-T719A This paper N/A
Plasmid:pcDNA3.1.S2-N331Q+N343Q This paper N/A

Software and Algorithms

GraphPad Prism version 8.0.1(244) GraphPad Software https://www.graphpad.com
Microsoft Office Home and Student 2019 Microsoft Corporation https://www.microsoft.com/microsoft-365
Heatmap lllustrator (Heml) version 1.0.3.7 Deng et al., 2014 http://ccd.biocuckoo.org
BioEdit version 7.2 BioEidt Software https://bioedit.software.informer.com
Adobe lllustrator CC 2018 Adobe https://www.adobe.com

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. You-
chun Wang (wangyc@nifdc.org.cn).

Materials Availability

All the unique reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.
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Data and Code Availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell lines

Most cell lines were cultured in Dulbecco’s modified Eagle medium (DMEM, high glucose; Hyclone, Cat#SH30243.01). They include
293T(Homo sapiens, embryonic kidney), 293T-hACE2 (293T cells stably expressed hACE2), A549 (Homo sapiens, liver), BHK21
(Mesocricetus auratus, kidney), Cf2TH (Canis familiaris, thymus), CHO (Cricetulus griseus, ovary), CRFK (Felis catus, kidney), HeLa
(Homo sapiens, cervix), HepG2 (Homo sapiens, liver), Huh-7 (Homo sapiens, liver, gallbladder), LLC-MK2 (Macaca mulatta, kidney),
MDBK (Bos taurus, kidney), MDCK (Canis familiaris, kidney), MRC-5 (Homo sapiens, lung), MV1-Lu (Neovison vison, lung), PK15 (Sus
scrofa, kidney), RAW264.7 (Mus musculus, leukemia, ascites), SK-N-MC (Homo sapiens, brain), ST (Sus scrofa, testis), Vero (Cerco-
pithecus aethiops, kidney), and VeroE6 (Cercopithecus aethiops, kidney) cells. DC2.4 (Mus musculus, bone marrow derived dendritic
cells), K562 (Homo sapiens, bone marrow) and MdKi (Myotis davidii, kidney) and cells were incubated in RPMI medium modified (Hy-
clone, Cat#SH30809.01). RIKIT(R. leschenaultii, kidney) were cultured in DMEM/F-12, GlutaMAX (GIBCO, Cat#10565-018). JASWII
(Mus musculus, bone marrow) were cultured in MEMa, nucleosides (GIBCO, Cat#12571063) with 5 ng/ml Recombinant Murine GM-
CSF (Peprotech, Cat#315-03). All the cells were cultured in media supplemented with 100 U/mL of Penicillin-Streptomycin solution
(GIBCO, Cat#15140163), 20mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES, GIBCO, Cat#15630080) and 10%
fetal bovine serum (FBS, Pansera ES, PAN-Biotech GmbH, Cat#ST30-2602), a humidified atmosphere with 5% CO, at 37°C, with
the exception of JASWII cells which were cultured in medium with 20% FBS. 0.25% Trypsin-EDTA (GIBCO, Cat#25200056) were
used to detach cells for subculture.

Human sera
Human serum samples from 10 convalescent patients in Wuhan (CS1, CS2, CS3, CS4, CS6, CS7, CS8 and CS10) and Shandong
(CS86 and CS87) were collected on Feb 18, 2020 and Mar 5, 2020. All volunteers signed informed consent forms.

METHOD DETAILS

Site-directed mutagenesis

pcDNA3.1.S2 recombinant plasmid (GenBank: MT_613044), constructed by inserted the codon-optimized S gene of SARS-CoV-2
(GenBank: MN_908947) into pcDNA3.1 (Nie et al., 2020), was used as the template to generate the plasmid with mutagenesises in S
gene. Following procedure of circular PCR, 15 to 20 nucleotides before and after the target mutation site were selected as forward
primers, while the reverse complementary sequences were selected as reverse primers. Following site-directed mutagenesis PCR,
the template chain was digested using Dpnl restriction endonuclease (NEB, USA). Afterward, the PCR product was directly used to
transform E. coli DH5a. competent cells; single clones were selected and then sequenced. The primers designed for the specific mu-
tation sites are listed in Table S2, and the frequency of different variants in the epidemic population is listed in Table S1.

Production and titration of pseudotyped viruses

Pseudotyped viruses incorporated with spike protein from either SARS-CoV-2, variants or mutants were constructed using a proced-
ure described by us recently (Nie et al., 2020). On day before transfection, 293T cells were prepared and adjusted to the concentra-
tion of 5 —7 x 10° cell/ml, 15 mL of which were transferred into a T75 cell culture flask and incubated overnight at 37°C in an incubator
conditioned with 5% CO.,. The cells generally reach 70%-90% confluence after overnight incubation. Thirty microgram of DNA
plasmid expressing the spike protein was transfected according to the user’s instruction manual. The transfected cells were subse-
quently infected with G*AG-VSV (VSV G pseudotyped virus) at concentration of 7.0 x 10*TCID50/ml. These cells were incubated at
37°C for 6-8 hours in the presence of in 5% CO,. Afterward, cell supernatant was discarded, followed by rinsing the cells gently with
PBS +1% FBS. Next, 15ml fresh complete DMEM was added to the flask and cultured for 24 h. Twenty-four hours post infection,
SARS-CoV-2 pseudotyped viruses containing culture supernatants were harvested, filtered (0.45-um pore size, Millipore,
Cat#SLHPO33RB) and stored at —70°C in 2 mL aliquots until use.

The 50% tissue culture infectious dose (TCID50) of SARS-CoV-2 pseudovirus was determined using a single-use aliquot from the
pseudovirus bank to avoid inconsistencies resulted from repeated freezing-thawing cycles.

For titration of the pseudotyped virus, a 2-fold initial dilution with six replicates was made in 96-well culture plates followed by serial
3-fold dilutions. The last column was employed as the cells control without pseudotyped virus. Subsequently, the 96-well plates were
seeded with Huh-7 cells adjusted to 2 x 10%cells/ml. After 24 h incubation at 37°C in a humidified atmosphere with 5% CO,, the su-
pernatant was aspirated and discarded gently to leave 100 uL in each well; next, 100 pL of luciferase substrate (Perkinelmer,
Cat#6066769) was added to each well. After 2-min incubation at room temperature in the dark, 150 uL of lysate was transferred
to white 96-well plates for the detection of luminescence using a luminometer (PerkinElmer, Ensight). Positive was determined to
be ten-fold higher than the negative (cells only) in terms of relative luminescence unit (RLU) values. The 50% tissue culture infectious
dose (TCID50) was calculated using the Reed-Muench method (Nie et al., 2020).
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Quantification of pseudotyped virus particles using RT-PCR

Before quantification, all the pseudotyped viruses were purified through a 25% sucrose cushion by ultra-centrifugation at 100,000 x
g for 3 h (Nie et al., 2020). Viral RNA was extracted from 140 pL of purified pseudotyped viruses using the QlAamp Viral RNA Mini Kit
(QIAGEN, Cat#52906), and served as template for reverse transcription using the SuperScript Ill First-Strand Synthesis System for
RT-PCR kit reagent (Invitrogen, Cat#18080-051). Virus quantification by real-time PCR was performed using the TB Green Premix Ex
Tagll (TaKaRa, Cat#RR820A), following the supplier’s instruction. The P protein gene of VSV virus was cloned into the vector
pCDNAS3.1(+) as a plasmid standard, with the viral copy number calculated accordingly. See primers in the Key Resources Table.

Infection assay

Using the quantitative RT-PCR, we normalized the pseudotyped virus particles to the same amount. After normalization, 100 pL of the
pseudotyped virus with 10-fold dilution was added to wells in 96-well cell culture plate. After the cells were trypsin-digested, 2 x 10%/
100 pL cells were added to each well in the 96-well plates. The plates were then incubated at 37°C in a humidified atmosphere with
5% CO.. After incubation for 24 hours, chemiluminescence detection was performed as described in the titration of pseudotyped
viruses. Each group contained 3-5 replicates.

Neutralization assay

The virus neutralization assay was conducted as described previously (Nie et al., 2020). Briefly, 100 pL serial dilutions of human sera
or monoclonal antibody preparations were added into 96-well plates. After that, 50 uL pseudoviruses with concentration of 1300
TCID50/ml were added into the plates, followed by incubation at 37°C for 1 hour. Afterward, Huh-7 cells were added into the plates
(2 x 10% cells/100 pL cells per well), followed by incubation at 37°C in a humidified atmosphere with 5% CO,. Chemiluminescence
detection was performed after 24 hours incubation. The Reed-Muench method was used to calculate the virus neutralization titer.
The results are based on 3-5 replicates unless specified. In order to validate the test operation process, the Coefficient of Variance
(CV) control of replicates is set within 30% of six wells, so is the CV for the duplicate sample wells.

QUANTIFICATION AND STATISTICAL ANALYSIS
GraphPad Prism 8 was used for plotting and statistical analysis; the values were expressed as mean + SEM. One-way ANOVA and

Holm-Sidak’s multiple comparisons test was used to analyze the differences between groups. A p value of less than 0.05 was consid-
ered to be significant. *p < 0.05, **p < 0.01, **p < 0.005, ***p < 0.001, ns represents no significant difference.
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Figure S1. Infectivity Analysis of Variants and Mutants in 293T-ACE2 Cell, Related to Figure 3

RLU values resulting from infection with variant pseudotyped viruses were quantified by luminescence meter and normalized to the reference strain (Wuhan-1)
produced in parallel, with the difference by 4-fold being considered as significant; all experiments were conducted three times (mean + SEM) unless specified.
The horizontal dashed lines indicate the threshold of 4-fold difference.
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Figure S2. Analyses of Antigenicity of Natural Variants and Experimental Mutants Using a Panel of Neutralizing mAbs, Related to Figure 4
Serial dilutions of mAb preparations were pre-incubated with the virus at 37°C for one hour before they were added to Huh-7 cells. Luciferase activity was
measured 24 hours later to calculate ECsq of each antibody. The y axis represents the ratio of EC5o between the variant/mutant strain and the reference strain
(Wuhan-1). The data (mean + SEM) were the results from 3-5 replicates. The vertical dashed lines indicate the threshold of 4-fold difference. The significant
changes were marked with colored symbols, blue for decreased, red for increased.
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Figure S3. Analyses of Antigenicity of the Natural Variants and Experimental Mutants Using Ten Convalescent Serum Samples, Related to

Figure 5
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